Liquid biopsies allow monitoring of cancer progression and detection of relapse, but reliable biomarkers in melanoma are lacking. Because secreted factors preferentially drain to lymphatic vessels before dilution in the blood, we hypothesized that lymph should be vastly enriched in cancer biomarkers. We characterized postoperative lymphatic exudate and plasma of metastatic melanoma patients after lymphadenectomy and found a dramatic enrichment in lymphatic exudate of tumorderived factors and especially extracellular vesicles containing melanoma-associated proteins and miRNAs, with unique protein signatures reflecting early versus advanced metastatic spread. Furthermore, lymphatic exudate was enriched in memory T cells, including tumor-reactive CD137 + and stem cell-like types. In mice, lymph vessels were the major route of extracellular vesicle transport from tumors to the systemic circulation. We suggest that lymphatic exudate provides a rich source of tumorderived factors for enabling the discovery of novel biomarkers that may reflect disease stage and therapeutic response.
Introduction
Early detection and monitoring of melanoma are crucial to improve patient survival. Melanoma staging considers the extent of dermal invasion, presence of ulceration, proliferation of tumor cells, and presence of loco-regional or distant metastases. In addition to the tumor node metastasis staging system, as new effective therapies are available, there is an urgent need for biomarkers capable of detecting melanoma before distant metastasis formation and assessing the risk of relapse. Good biomarkers should allow not only the monitoring of disease progression and response to treatment, but also the identification of patients at high risk of recurrence who may benefit from closer monitoring and adjuvant therapies early on, at the time of diagnosis. Biomarkers comprise mainly proteins, circulating microRNA (miRNA), exosomes, cell-free tumor DNA, and circulating tumor cells (Huang and Hoon, 2016) . While extensive work has been done and multiple biomarkers have been identified, as of now there is no reliable blood test to diagnose melanoma occurrence and recurrence. For example, elevated concentrations of serum lactate dehydrogenase (LDH) and S100B proteins in melanoma patients are associated with worse prognosis and lower response to therapy (Buchbinder and Flaherty, 2016) . However, their specificity is low. Therefore, biomarker signatures, comprising a panel of tumor-related factors, might be more robust in predicting disease progression and response to treatment.
Among factors released by the tumor microenvironment, extracellular vesicles (EVs), including exosomes (50-200 nm), have been shown to reflect disease status and to carry proteins and miRNA that could be used as biomarkers. For example, exosomes found in the plasma of melanoma patients were shown to be enriched in the melanoma-specific protein TYRP2, and high levels of this protein in exosomes were predictive of poor prognosis (Peinado et al., 2012) . Similarly, S100 protein signatures carried or induced by exosomes could be useful as biomarkers (Bresnick et al., 2015; Hoshino et al., 2015; Alegre et al., 2016) . Another study revealed that the inhibition of BRAF alters miRNAs released in EVs by melanoma cells, highlighting the potential of EV miRNA signature measurement to monitor treatment response (Lunavat et al., 2017) . Thus, circulating EVs hold great promise as a source for cancer biomarkers, as they are enriched in tumor-relevant factors.
Biomarker levels are typically measured in liquid biopsies from the patient's blood. The advantages are that analyses can be repeated over time, and blood withdrawal is noninvasive. However, at early stages of metastatic spread, the concentration of circulating biomarkers in the plasma is often very low and therefore undetectable. Proteins and other secreted factors released in the tumor extracellular space enter nearby lymphatic vessels with interstitial flow (Swartz and Lund, 2012) and are transported to the LNs, the thoracic duct, and eventually the blood. Because interstitial fluid flow is necessarily directed toward draining lymphatics, most secreted proteins and factors (e.g., from a tumor) are carried into the lymphatics, where they are exposed to (and can be sampled by) the endothelial and immune cells in the vessels and nodes. In this way, tissue fluid balance is strongly coupled to local immune regulation through antigen transport (Alitalo, 2011; Swartz and Lund, 2012; Trevaskis et al., 2015; Lund et al., 2016; Triacca et al., 2017) . Directly sampling the tumor interstitium, the lymph may contain a higher concentration of melanoma biomarkers, possibly reaching detectable levels already at early stages of metastasis. Moreover, it has been reported that premetastatic alterations are already observed in LNs before tumor cell seeding, supporting the idea that secreted factors found in the lymph can possibly serve as biomarkers to detect early tumor spreading (Hood et al., 2011; Liu and Cao, 2016; Peinado et al., 2017) .
Proteomic analyses of the lymph reveal that the lymph is not merely a plasma ultrafiltrate (Leak et al., 2004; Dzieciatkowska et al., 2014) and that in physiological conditions, the lymph proteome reflects the tissue it originates from and carries a pool of tissue-derived self-antigens important for immunological tolerance Clement et al., 2016) . Similarly, during inflammatory conditions, the lymph mirrors the tissue inflammatory signature. Therefore, we hypothesized that lymph carries important tumor-derived factors that reflect the tumor microenvironment and may allow patient stratification or help predict response to therapy.
Here we collected postoperative lymphatic leak, hereafter referred to as lymphatic exudate, from metastatic melanoma patients undergoing lymphadenectomy (LAN) following positive LN biopsy and compared its contents to that of the plasma from each patient. We show not only that the lymphatic exudate is drastically enriched in secreted tumor-associated factors, but also that they contain proteomic signatures that may be used to differentiate early from late stages of metastatic spread.
Results
Lymphatic exudate is enriched in melanoma-associated proteins and EVs compared with plasma Lymph from healthy donors was collected immediately after dissection of afferent lymphatic vessels using an electrocautery or harmonic scalpel, while in patients undergoing LAN (Table S1 and Fig. S1 ), lymphatic exudate (composed of both the draining lymph and interstitial lymph) was collected in a suction drain and immediately processed for analysis as previously reported (Rutkowski et al., 2010) . We first compared the lymphatic exudate and plasma from these patients for known melanoma biomarkers and other tumor-related factors, as well as the relative abundance of EVs. As previously reported in lymph (Clement et al., 2010 Dzieciatkowska et al., 2014) , lymphatic exudate contained lower overall total protein concentrations compared with plasma ( Fig. 1 A) . However, the lymphatic exudate was dramatically enriched in melanoma-associated proteins such as LDH, S100B, and S100A8 (Buchbinder and Flaherty, 2016; Huang and Hoon, 2016) compared with plasma, where they were undetectable (Fig. 1 B) . Factors known to strongly correlate with metastatic potential in melanoma (Egeblad and Werb, 2002) , including colony stimulating factor-1 (CSF-1), galectin-3, and matrix metalloproteinases (MMP)-2 and -9, were also dramatically higher in lymphatic exudate compared with plasma ( Fig. 1 C) . Likewise, in melanoma patients, we detected an enrichment in lymphatic exudate of cytokines associated with tumor growth and neo-angiogenesis (Colotta et al., 2009 )-namely, IL-6, IL-8, TNF-α, and IL-1β-as well as IL-10, which are associated with immunosuppressive tumor-associated macrophage skewing (Kim et al., 2013;  Fig. 1 D) . Importantly, each of these factors was higher in metastatic melanoma patients compared with healthy controls (HCs), especially in the lymph compartment (Fig. 1 , A-D, dotted and solid horizontal lines). Interestingly, the lymphangiogenic growth factor vascular endothelial growth factor (VEGF)-C was less concentrated in lymphatic exudate than in plasma for most patients, while its homologue VEGF-D, present in much lower concentrations, was slightly more elevated in lymphatic exudate compared with plasma ( Fig. 1 E) . In particular, VEGF-D was detected at similar levels in HCs and patients, suggesting that the expression of this growth factor is not modulated during melanoma metastasis.
We next purified and examined the EVs from lymphatic exudate and found that while they shared the typical cup-shaped morphology of plasma-derived exosomes (Fig. 1 F) , they were present at dramatically higher densities than in the plasma of nearly all patients, with a fivefold average increase (Fig. 1 G) . Proteomic profiles of lymphatic exudate EVs revealed that most of the proteins were derived from the cytoplasm, the plasma membrane, and the nucleus, and included mainly enzymes, transporters, receptors, peptidases, and transcriptional regulators (Fig. 1 H) . We also detected a few proteins normally found in the extracellular space, suggesting either that they are bound to the EV surface or that they were contained in other types of released vesicles contaminating the EV fraction. Lymphatic exudate EVs contained common exosomal markers, such as tetraspanins (cluster of differentiation [CD]-9, CD81, and CD63), adhesion molecules (intercellular adhesion molecule [ICAM]-1, ICAM-3, and lactadherin), ALIX, syntenin, Rab proteins (Rab27a, Rab8a, and Rab8b), and integrins (ITG-β1, ITG-β2, ITG-αM, ITG-β3, ITG-αV, and ITG-α6; Fig. 1 I) . Interestingly, the average size of EVs was ∼30% larger in lymphatic exudate versus plasma (Fig. 1 J) .
Lymphatic exudate is enriched in melanoma-associated miRNAs, which are mostly carried in EVs Several miRNAs have been shown to be potential mediators of metastasis and involved in the formation of the premetastatic niche, and, after literature research, we focused on 66 miRNAs that had been shown to be associated with metastatic melanoma (Table S1 ). We next assessed the lymphatic exudate and plasma for expression of these 66 miRNAs using a custom miRNA array and found that most were at significantly higher concentrations in the lymphatic exudate than in the plasma ( Fig. 2 A and Fig. S2  A) . Interestingly, these roughly correlated with miRNA expression levels reported in The Cancer Genome Atlas (TCGA) datasets for cutaneous metastatic melanoma, both in primary and metastatic tumors (Fig. 2 B) .
It has been shown that tumor-secreted miRNAs that circulate and target the premetastatic niche are often contained within EVs (Peinado et al., 2017) . Therefore, we also analyzed the miRNA that were enriched in the lymphatic exudate for their content in the EV and non-EV fractions (Fig. 2 C) . As expected, most of the miRNAs were found primarily within the EV compartment, although interestingly, some were more abundant in the non-EV compartment, including mir-148-3b, mir-660-5p, and mir-579 (Fig. 2 D) . The miRNA content of lymphatic exudate EVs was also increased compared with that in plasma EVs (Fig. 2  E) . Taken together, melanoma-associated miRNAs, probably coming from residual tumor cells or cells from the tumor microenvironment, were dramatically enriched in the lymphatic exudate and were mostly circulating in association with EVs.
Proteomic analysis of lymphatic exudate reveals distinct signatures related to nodal metastatic spread As the samples were collected from stage IIIA-C melanoma patients undergoing radical LAN following a positive sentinel LN, we could divide patients into two groups based on the nodal metastatic spread at the time of lymphatic exudate collection (Fig. S2 B) . Patients with no evidence of further nodal spread beyond the sentinel LN were defined throughout the study as LAN-negative (LAN neg ), correlating with a less advanced disease, whereas patients with nodal involvement were defined as LAN-positive (LAN pos ), correlating with a more advanced disease. Figure 2 . Lymphatic exudate is dramatically enriched compared with plasma in melanoma-relevant miRNAs, which mostly associate with EVs. (A) Heat map of melanoma-associated miRNAs contained in plasma and lymphatic exudate of metastatic melanoma patients (n = 12, data sorted by average expression levels in lymph). (B) TCGA data showing average expression levels of the same miRNAs, in the same order, in primary melanoma (n = 104) and at metastatic sites (regional LN metastasis, n = 226; distal metastasis, n = 67). Gray bars reflect miRNAs that were not reported. (C) Volcano plot of miRNA expression in lymphatic exudate (L) relative to that in plasma (P; each miRNA averaged across all patients, with red indicating the miRNAs with P < 0.05). (D) Within the lymphatic exudate (Lymph. exud.), content of lymph-enriched melanoma-associated miRNAs in EV and non-EV fractions of metastatic melanoma patients. (E) Comparative average miRNA expression in the EV fraction from lymphatic exudate (L-EV) or plasma (P-EV; n = 11, data sorted by average expression of miRNAs in EV fraction, raw data in Table S1 ).
We next performed an in-depth comparative proteomic analysis of the lymphatic exudate and plasma from LAN neg and LAN pos metastatic melanoma patients, as well as lymph from HCs for comparison (noting the important differences in collection methods). First, comparing lymphatic exudate versus plasma, we found a distinct protein signature in the lymphatic exudate that was absent in the plasma as well as in HCs (Fig. 3 A  and Table S1 ). The 40 most highly expressed proteins found in the lymphatic exudate of melanoma patients were mainly related to cytoskeletal rearrangement and adhesion (myosin, actin, tropomyosin, troponin, and integrins), matrix remodeling (vimentin, enolases, and cathepsins), histone variants, and glycolytic enzymes (triosephosphate isomerase; Fig. 3 B) . These processes are known to be differentially regulated in tumor progression and metastasis (Wilson et al., 2010; Hsiao et al., 2013) ; however, they may also be altered in other processes such as wound healing.
Interestingly, by comparing the whole proteomic profile of both lymphatic exudate and plasma of LAN pos versus LAN neg patients, we detected an overall reduction of the proteins in LAN pos patients (Fig. 3 C) . This was in line with previous observations that increased metastatic potential correlates with down-regulation of gene and protein expression overall (Duffy, 1992; Olson and Joyce, 2015; Wojtukiewicz et al., 2015) , as well as data from the TCGA showing more genes are down-regulated in metastatic lesions compared with primary tumor in the cutaneous metastatic melanoma dataset (Fig. 3 D) .
Using the Ingenuity pathway analysis (IPA), we found that the overall proteomic signature predicted to be specific for melanoma was uniquely associated with the lymphatic exudate, but not the plasma (Fig. 3 E) . Interestingly, the LAN pos patients had a higher activation z-score than LAN neg patients ( Fig. 3 E and Table S1 ). Other pathways, including cancer, cellular movement, cell-cell signaling and interaction, and cell death and survival, were all quantitatively more predicted in the lymphatic exudate than in the plasma (Table S1 ). However, since the analyzed lymphatic exudate was collected after primary tumor excision, the protein signatures could partially reflect the wounding response to the LAN; therefore, we narrowed our analysis to proteins that have been reported in the publicly available Human Protein Atlas database to be up-or down-regulated specifically in melanoma as compared with healthy tissue. As before, we found that in most cases, expression of these proteins was unique to the lymphatic exudate ( Fig. 3 F Table S1 ); however, the melanoma-associated proteome of LAN pos patients was predicted to have a higher (greater than +2.8) z-score for pathways associated with tumor cellular movement and cellular apoptosis, overall indicating a more invasive tumor phenotype (Fig. S3 C) . In particular, the proteins filamin-A, fibronectin-1, granulin, laminin subunit-β, galectin-1, melanotransferrin, serpin family A member 1, and pigment epithelium-derived factor precursor predicted tumor cell migration in LAN pos patients (Fig. S3 D) . Moreover, the IPA analysis predicted TGF-β1 and KRAS, both known to be involved in tumorigenesis and metastasis, as principal upstream master gene regulators for the main protein hits in LAN pos patients (Fig. S3 E) . When directly comparing the LAN neg versus LAN pos lymph proteomes, LAN neg lymphatic exudate displayed an up-regulation of pathways involved in cellular movement, inflammation, and cellular maintenance, while the proteome of LAN pos patients showed up-regulated pathways associated with morbidity and mortality, indicating a more advanced disease stage (Fig. 3 G and  Table S1 ). Overall, these results point to the lymphatic exudate as the biological fluid that, as compared with the plasma, carries a more predictive signature of tumor state, as it is richer in cancerassociated proteins, and allows the differentiation of LAN pos from LAN neg patients.
Lymphatic exudate EVs are enriched in tumor-related proteins that differentiate LAN neg from LAN pos patients We next wanted to assess whether proteins derived from remaining tumor cells (in LAN pos patients) or derived from the original tumor microenvironment (LAN neg patients) might be carried by EVs, similarly to miRNAs. Thus, we characterized the proteomic content of lymphatic exudate EVs (Fig. 4 A and Table  S1 ). Interestingly, around half of the melanoma-associated proteins, which we previously detected in whole lymphatic exudate ( Fig. 3 F) , were specifically enriched in EV fractions (Fig. 4 B) . To determine the predicted pathways associated with the EV proteomic profile, we performed a comparative IPA analysis of the whole protein content of lymphatic exudate EVs purified from LAN neg and LAN pos patients. Similarly, to the whole lymphatic exudate proteome, the proteome of EVs derived from LAN neg patients had a different signature from that of LAN pos patients. In particular, EVs from LAN neg patients presented a higher activation z-score (greater than +2.5) for several cellular functions including actin signaling, cellular extravasation, integrin signaling, and VEGF pathways (Fig. 4, C and D) . Notably, the pathways up-regulated in LAN neg patients are suggestive of an earlier disease state, where cytoskeleton rearrangement, cellular movement and adhesion, and lymphatic and blood vessel neogenesis are occurring. On the other hand, in EVs purified from LAN pos patients, we observed a down-regulation of the Rho GDP dissociation inhibitor signaling pathway (Fig. 4 E) , known to be a signature of highly metastatic breast cancer (Bozza et al., 2015) , and an up-regulation of pathways associated with cell death, proliferation, and cancer-associated pathways (Fig. 4 F) . These data suggest that EVs of the two patient subsets express protein signatures that predict pathways correlated with different stages of the metastatic process.
Lymphatic vessels are required for systemic distribution of EVs in mice Lymphatic endothelial cells (LECs) have been shown to actively up-regulate macromolecular transport from the interstitial space (Triacca et al., 2017) , and recent work in mice highlighted the role of lymphatics in the transport of EVs from the periphery (E) Activation scores of the melanoma-specific pathway prediction in lymphatic exudate versus plasma of patients; # indicates significant increase (P < 0.05); nd, not determined. (F) Heat map of 102 melanomaassociated proteins (described in the publicly available "Human Protein Atlas") analyzed by LFQ proteomics and sorted from highest to lowest levels in lymphatic exudate (protein names and raw data are found in Table S1 ). (G) Activation z-scores of pathways that are up-regulated (>2, orange) or down-regulated (< −2, blue) in lymphatic exudate of LAN neg versus LAN pos patients. All data represent n = 6 for LAN neg , n = 12 for LAN pos , and n = 5 for HC. Raw data in Table S1 .
to draining LNs (dLNs; Hood et al., 2011; Pucci et al., 2016; Srinivasan et al., 2016) . However, the extent to which lymphatics are needed for the systemic distribution of EVs remains unclear. We purified and fluorescently labeled EVs from in vitro cultures of the mouse melanoma cell line B16-F10 (Fig. 5, A-D) . After injection into the mouse ear dermis, fluorescent EVs were observed in draining lymphatic vessels, but not in surrounding blood capillaries, suggesting that lymphatics constitute an important route for EV transport (Fig. 5 E) . To determine the relative contribution of lymphatic vessels to EV distribution to distant sites, we used K14-VEGFR-3-Ig (transgenic [Tg]) mice lacking dermal lymphatics (Mäkinen et al., 2001 ) and performed a biodistribution study 24 h after intradermal (i.d.) injection of labeled EVs into mouse hocks. We observed that while EVs injected i.d. into WT mice were detected in dLNs, plasma, lungs, and liver, they were nearly undetectable in these tissues after i. d. injection into Tg mice (Fig. 5, F and G) . Next, we injected labeled EVs directly into implanted B16-F10/VEGF-C melanomas, where again they were seen abundantly in WT mice and to a much lesser extent in the dLNs and plasma of Tg mice. To confirm that lymphatic vessels played a role in endogenous EV distribution from melanoma tumors, we analyzed the plasma of mice before tumor inoculation (day 0) and after B16-F10/VEGF-C tumor inoculation and growth (day 11). We observed that while the quantity of endogenous (nonlabeled) EVs increased upon tumor growth in WT mice, no significant increase in EV levels was observed in Tg mice (Fig. 5 J) . Last, in WT mice, we observed that LECs were the main CD45 neg stromal cells taking up EVs in the tumor-draining LN (Fig. 5, K-M) . Together, these findings demonstrate that lymphatics represent a major route of EV trafficking from the interstitial space into the lymph, LN, and systemic circulation. S100 proteins are expressed in melanoma tumors, lymphatic exudate EVs, and premetastatic LNs Knowing that lymph can transport exosomes to the dLNs and to distal sites, we were interested in characterizing the role of tumor-derived EVs in the formation of the premetastatic niche. Therefore, we investigated the transport of the inflammatory protein S100 that is also a well-known melanoma antigen and expressed in the premetastatic niche (Hiratsuka et al., 2008; Peinado et al., 2012; Bresnick et al., 2015; Costa-Silva et al., 2015; Hoshino et al., 2015) . Immunostaining of human primary melanoma and metastatic LNs showed that S100 staining was specific to tumor cells, which were heterogeneous in their expression of the tumor antigen Melan-A (Fig. 6 A) . As reported earlier, metastatic melanoma cells also displayed low levels of cytoplasmic Prospero homeobox 1 (Prox-1; Bordry et al., 2018) , which can be differentiated from the nuclear Prox-1 expression in LECs (Fig. 6 A) . S100, which is known to be up-regulated in premetastatic LNs (Hiratsuka et al., 2008; Peinado et al., 2012; Bresnick et al., 2015; Costa-Silva et al., 2015; Hoshino et al., 2015) , was highly up-regulated in tumor-rich areas (tumor center and invasive margin) and to a lesser extent in the peritumoral region of primary tumors, as compared with normal skin (Fig. 6 B) . Non-invasive in situ melanomas expressed lower levels of S100 (Fig. 6 B) , consistent with the notion that the S100 antigen is associated with highly aggressive melanoma tumors.
Next, we confirmed the presence of the S100 isoforms (S100A4, S100A6, S100A8, S100A9, S100A10, S100A11, and S100A12) in lymphatic exudate EVs of both LAN neg and LAN pos patients (Fig. 6 C) . By comparing nonmetastatic LNs of both patient subsets, we found that the highly metastatic LAN pos patients expressed significantly more S100 in the tumor-free LNs compared with low metastatic LAN neg patients (Fig. 6 D) . Moreover, S100 expression correlated with the expression of the suppressive molecules inducible nitric oxide synthase (iNOS) and indoleamine-pyrrole 2,3-dioxygenase (IDO) in tumor-free LNs (Fig. 6 E) . This suggests that the tumor-free LNs in LAN pos patients were undergoing more changes than those in LAN neg patients.
Lymphatic exudate is enriched in central memory and stem cell-like memory T cells Immune cells can also travel from the tumor microenvironment or metastatic LNs to other secondary lymphoid tissues through lymphatic vessels. Therefore, we used flow cytometry to characterize the cellular composition of the lymphatic exudate of LAN neg and LAN pos patients and compared it to the one of the plasma. Although we found less cells circulating in the lymphatic exudate, the overall composition of immune cells in lymphatic exudate and plasma was similar (Fig. 7 A) . Central memory T cells (T CM ) of both CD4 + and CD8 + subsets were enriched in lymphatic exudate compared with plasma (Fig. 7 , B and C; and Fig. S4 A) . In contrast, the terminally differentiated effector memory CD8 + T cell population was enriched in plasma of metastatic patients (Fig. 7 C) . LAN neg patients showed more circulating regulatory T (T reg) cells (Fig. 7 D) , and interestingly, the ratio of T reg cells to effector cells, particularly for the terminally differentiated effector memory (T EMRA ) subset, was higher in the lymphatic exudate (Fig. 7 E) . The activation marker CD137 is significantly more expressed on T cells isolated from the lymphatic exudate, and at highest level in LAN pos patients (Fig. 7 F) . Given the observation that lymphatic exudate contained more memory T cells, we next investigated the presence of another memory T cell phenotype that characterizes stem cell memory T cells (T SCM ) and is defined within the naive cell subset by the high expression of CD45RA, CCR7, IL-7R, and CD95 (Fig.  S4 B) . We found that lymphatic exudate is enriched in both CD4 + and CD8
+ T SCM cells especially in highly metastatic patients Unbiased heat map highlighting the averaged protein concentration profiles (A) and expression profiles of melanoma-associated proteins (B; specified in Table  S1 ) from lymph-derived EVs (L-EV) versus whole lymphatic exudate (L). (C-F) Proteomic profile comparisons using IPA. (C) Activation z-scores for the pathways up-regulated (orange, z-score >2) or down-regulated (blue, z-score < −2) in the lymphatic Table S1 . (Fig. 7 G) . Lastly, monocytic myeloid-derived suppressor cells (MDSCs) and CD163 + monocytes (Fig. S4 C) were enriched in LAN pos plasma (Fig. 7 H) . While the total dendritic cell (DC) content was increased in plasma, the CD1c + DC subset was significantly enriched in lymphatic exudate of metastatic melanoma patients (Fig. 7 I) . Taken together, our data suggest that memory For all data shown, n ≥ 4 per group in at least two independent experiments; *, P < 0.05, **, P < 0.01 by two-tailed unpaired Student's t test. Data in F-J and M shown as mean ± SEM.
and CD137
+ tumor antigen-experienced T cells preferentially recirculate into the lymphatics.
Discussion
The ability to predict metastatic spread is still a major goal in cancer research, and liquid biopsies are a major focus for monitoring disease progression. Liquid biopsies are considered minimally invasive, and have the potential to provide information about the tumor at very early stages as well as allow the detection of novel biomarkers to guide the design of personalized treatments and monitor response to therapy (Mandal and Chan, 2016; Wan et al., 2017) . Here, we demonstrate that lymph, which can be collected as lymphatic exudate after LAN, is a uniquely rich source of tumor-derived factors that may be useful for biomarker discovery.
The lymphatic exudate analyzed here, from patients undergoing LAN, was collected after the removal of the primary melanoma, and thus did not directly drain from the primary tumor. However, the fact that this lymphatic exudate was dramatically enriched in known melanoma biomarkers suggests that these factors remained in the tumor site after tumor resection. Furthermore, LECs are known to actively take up proteins and vesicles (Hirosue et al., 2014 ) and can archive them over weeks (Tamburini et al., 2014) . Undoubtedly, the composition of the lymphatic exudate would be altered by the surgery and wound-healing response there; indeed, some of the upregulated pathways (such as cellular movement and endothelial cell proliferation) are associated with both wound healing and metastasis. Therefore, we first restricted our analysis on melanoma-associated proteins found exclusively in the lymphatic Figure 6 . Premetastatic LNs express S100 proteins that are found in lymphatic exudate EVs of melanoma patients. (A) Primary melanoma (left; bar, 50 µm) and metastatic LN (right; bar, 200 µm) analyzed by immunofluorescence staining. Yellow dotted lines indicate the perimeter of lymphatic vessels (identified by nuclear Prox-1 staining) while the white dotted lines indicate the zoomed areas shown in the center. (B) Quantification of S100 (% of positive pixels) in different regions of the melanoma (CT, center of the tumor; IM, invasive margin; PT, peritumoral region; n = 14) compared with in situ melanoma (mel; also called stage 0 melanoma, which is confined to the epidermis; n = 14) and normal skin (NS, n = 12). (C) Expression of S100 proteins in EVs isolated from lymphatic exudate of melanoma patients as analyzed by mass spectrometry. (D) S100 expression in whole sections of tumor-free (nonmetastatic [non-met]) LNs of LAN neg (n = 10) and LAN pos (n = 12) patients. Data shown as mean ± SEM. (E) Correlation of S100 expression with iNOS and IDO expression in the tumorfree LNs of both LAN pos and LAN neg patients (n = 23).
exudate, and then directly compared LAN neg with LAN pos patients, which both underwent the same surgical procedure.
It is well appreciated that metastasis formation is a complex process initiated by the primary tumor and involving tumor cell transition into an invasive phenotype, remodeling of the tumor microenvironment, and promoting changes in distant organs that will support later metastatic tumors (Jiang et al., 2015) . The transformation of the distant sites, referred to as premetastatic niches, is initiated by tumor-derived EVs containing factors secreted by both tumor cells and immune cells of the tumor microenvironment, including antigens, integrins, immunomodulatory factors, and miRNA (Peinado et al., 2012; Costa-Silva et al., 2015; Hoshino et al., 2015) . Therefore, EVs are considered potential biomarkers for early detection of tumors (Kahlert and Kalluri, 2013) . Since the interstitial fluid of the tumor flows directly into draining lymphatics, and since EVs are large enough that diffusion is negligible compared with convection for their interstitial transport, we were not surprised to find dramatically higher EV densities in the lymphatic exudate versus plasma of melanoma patients. Our finding that EVs in the lymphatic exudate were on average substantially larger than those in plasma may possibly reflect the notion that tumor and immune cells in the tumor microenvironment produce larger EVs, or that the plasma EVs arise from a wider variety of sources, including platelets. Interestingly, the proteomic profile of EVs from LAN neg patients' lymphatic exudate was associated with pathways involved in cellular movement, vascularization, extravasation, and adhesion, which correlate with early stages of metastasis. In contrast, the proteomic profile of EVs isolated from LAN pos patients showed up-regulated signaling pathways connected to cell death, proliferation, and cancer, suggestive of more advanced disease. Importantly, these results are consistent with those independently obtained by García-Silva et al. in this issue.
Metastasis-related miRNAs were specifically expressed in EVs of metastatic melanoma patients, which were dramatically + T EMRA (E), stem cell-like memory CD4 + and CD8 + T cells (F; T SCM ). L, lymphatic exudate; P, plasma. (G-I) CD137 expression on CD4 + and CD8 + T cells (G), MDSC subtypes (H), and DCs (I). T cells were gated after live/dead exclusion on CD3 + and defined as follows: T CM , CD45RA − CCR7 + ; T N , CD45RA + CCR7 + ; T EMRA , CD45RA + CCR7 − ; T EM , effector, CD45RA − CCR7 − ; and T SCM , defined as CD95 hi and CD127 hi T cells. Monocytic cells were gated according to the gating strategy described in Fig. S4 . n = 10 for LAN neg and n = 11 for LAN pos melanoma patients. Data shown as mean ± SEM; *, P < 0.05; **, P ≤ 0.01; ***, P ≤ 0.001 compared to plasma using a paired Student's t test (A) or one-way ANOVA followed by Tukey's multiple comparison test (B-I).
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Journal of Experimental Medicineenriched in the lymphatic exudate compared with plasma. However, these miRNAs were present at similar levels in LAN pos versus LAN neg patients, possibly suggesting that the prometastatic miRNAs released in EVs by melanoma cells are independent of tumor stage. However, further analyses are needed to assess the contribution and the biomarker potential of EV-bound miRNA isolated from lymphatic exudate in metastatic patients, including a more extensive miRNA analysis.
Our data provides evidence in mice that tumor-derived EVs are primarily taken up by LECs and transported by lymphatic vessels, and that EVs require lymphatics in order to reach distant sites. This is consistent with recent studies showing that EVs are delivered to the LN via lymphatic vessels (Pucci et al., 2016; Srinivasan et al., 2016) . Moreover, we found that lymphatic exudate EVs of melanoma patients contain S100, which is known to be up-regulated in premetastatic LNs (Hiratsuka et al., 2008; Peinado et al., 2012; Bresnick et al., 2015; Costa-Silva et al., 2015; Hoshino et al., 2015) . Since LECs can archive antigens during viral infections (Tamburini et al., 2014) , it is interesting to speculate whether LN LECs directly contribute to premetastatic niche formation by taking up and storing S100-containing tumor-derived EVs.
Finally, we found that although lymphatic exudate contains an overall lower density of immune cells compared with plasma, specific populations were enriched in lymph of melanoma patients. CD4 + and CD8 + T cells in the lymphatic exudate versus plasma expressed higher levels of the costimulatory molecule CD137, which is expressed on tumor-reactive T cells and widely used as a marker to enrich and expand T cells for immunotherapy (Zhu and Chen, 2014) . Terminally differentiated CD8 + T cells were significantly higher in the plasma, consistent with their lack of lymphoid homing chemokine receptors, while central memory CD4 + and CD8 + T cells, which migrate to and among secondary lymphatic organs, were enriched in the lymph. Interestingly, we found, particularly in LAN pos patients, an enrichment of so-called T SCM cells: CD45RA − , CCR7 + , IL-7R + T cells expressing the activation marker CD95. T SCM cells have been described as a primordial memory subset with self-renewing capacity and strong anti-tumor activity (Gattinoni et al., 2011) .
One limitation of introducing lymph as a liquid biopsy is that lymph collection is to date technically challenging. Lymph can be collected after sentinel node biopsy during the surgical procedure or in already diagnosed metastatic melanoma patients who undergo a radical LAN, where additional LNs surrounding the sentinel node are removed. During the latter procedure, large numbers or lymphatic vessels are excised, and both circulating lymph and interstitial lymph (lymphatic exudate) can be easily collected after surgery using a surgical drain. The main advantages of collecting lymphatic exudate compared with cannulated circulating lymph is that the procedure does not delay the surgery time, and much larger volumes of material can be analyzed, allowing a more complete screening. On the other hand, lymphatic exudate cannot be analyzed from healthy individuals, where circulating lymph is collected by cannulation (Clement et al., 2010) . Nonetheless, the analyses presented here can be performed with much smaller volumes, and thus collecting lymph from patients undergoing primary tumor and sentinel node dissection at the same time (i.e., in breast cancer patients) would allow a more comprehensive analysis of specific tumorpredictive biomarker signatures. Furthermore, the relevance of collecting lymph during primary tumor or sentinel node dissection is strengthened by the recent decision to remove radical LAN from standard clinical protocols on metastatic melanoma patients following a recent multicenter selective lymphadenectomy trial II study showing no survival benefit (Faries et al., 2017) .
Taken together, our data suggest that lymph from cancer patients is a rich source of tumor-derived factors and may provide a highly valuable source for identifying protein, miRNA, EV, and cellular fingerprints of each patient's cancer. As such, lymph should be taken into consideration during the development of diagnostic tests to predict organ-specific metastasis and therapies to halt metastatic spread. This proteomic and miRNAomic analysis, together with the immune cell signature, could be pivotal to the phenotyping of cancer at very early stages as well as its interaction with the immune system in the so called "cancer immunogram" (Blank et al., 2016) . Further analysis on lymphatic exudate or lymph collected from a larger cohort of melanoma patients, including at a wider range of disease state, will be required to fully explore its potential for biomarker discovery that may guide the design of personalized therapies.
Materials and methods

Patients
This study investigated lymphatic exudate and plasma of 22 patients with stage IIIA to IIIC cutaneous melanoma (Table S1 ) who were treated at the Lausanne University Hospital, Lausanne, Switzerland. All the studies were conducted according to the relevant regulatory standards, upon approval by Swissmedic and the Commission d'Éthique de la Recherche Clinique de la Faculté de Biologie et de Médecine, Université de Lausanne.
Lymphatic exudate and lymph collection
Newly diagnosed melanoma patients with a positive sentinel LN underwent radical LAN. Out of all the patients, 10 had a negative LAN (LAN neg ), meaning that all the LNs removed during the surgery were tumor-free, and 11 had a positive LAN (LAN pos ; Fig.  S1 ). During the surgery, lymphatic vessels were dissected by using electrocautery or harmonic scalpel. Postoperative lymphatic leak was collected in a suction drain for 2 d following the surgery (collected daily). Immediately after collection, lymphatic exudate was supplemented with a cocktail of protease/phosphatase inhibitors (Roche) and immediately used for further analysis as previously described (Rutkowski et al., 2010) . At the same time as lymphatic exudate collection, plasma was also collected and used for comparative analysis. Given their similarity, in all the analyses, the expression of day 1 and day 2 of both lymphatic exudate and plasma was averaged and considered as n = 1. The study was approved by the Commission Cantonale d'Éthique de la Recherche sur l'Être Humain and performed according to the relevant regulatory standards. HCs used for lymphatic exudate and plasma were collected from the laboratory of L. Santambrogio as previously described (Clement et al., 2010) . Briefly, prenodal peripheral lymph of healthy subjects was collected from the subcutaneous lymphatic vessel 20 cm above the ankle, through lymphatic cannulation performed with polyethylene tubing (IntramedicH PE60; 427416; Becton Dickinson).
Cytokine analysis
Total protein content of lymphatic exudate and plasma was assessed by bicinchoninic acid (BCA) assay (Thermo Fisher Scientific). Most of the cytokines were assessed by ELISA analysis according to the manufacturer's instructions. ELISAs used were the following: galectin-3 ELISA (DGAL30; R&D Systems), M-CSF (CSF-1) ELISA (DMC00B; R&D Systems), S100B ELISA (KA0037; Abnova), S100A8 (DY4570; R&D Systems), MMP-2 ELISA (DY902; R&D Systems), MMP-9 ELISA (BMS2016/2; Affimetrix), VEGF-C (DuoSet DY293B; R&D Systems), and VEGF-D (DuoSet DY622; R&D Systems). Lactate dehydrogenase activity was measured using the LDH Activity Assay Kit (MAK066; Sigma-Aldrich). IL-6, IL-8, TNF-α, IL-1β, IL-4, and IL-10 were analyzed using the Proinflammatory Panel 1 Kits of Mesoscale (MSD Multi-Spot Assay System).
EV isolation
EVs were isolated with ultracentrifugation technique as described in Théry et al. (2002) . Briefly, upon receipt, lymphatic exudate or plasma was centrifuged to remove cells, and proteinase/phosphatase inhibitor tablets were added. The supernatant was then diluted with an equal amount of PBS and centrifuged at 2,000 g for 30 min to remove dead cells and then at 12,000 g for 45 min to remove cell debris. The supernatant was further centrifuged for 2 h at 110,000 g. The pellet containing the EV fraction was washed twice at 110,000 g for 70 min, whereas the supernatant was considered the "non-EV fraction" (containing proteins not present in EVs). The EV fraction was resuspended in 70 µl of PBS. Both fractions were stored at −80°C until analysis. Before proteomic analysis, total protein content was assessed by bicinchoninic acid assay. For in vivo mouse experiments, EVs were purified from 2-to 3-d cell-conditioned medium by concentration and size-exclusion separation. Briefly, cells and debris were cleared from supernatant by serial centrifugations 10 min at 300 g, 10 min at 2,000 g, and 20 min at 10,000 g. Then, the supernatant was concentrated to 500 µl using Amicon Ultra-15 Centrifugal Filter Units, and EVs were separated from free proteins using qEVoriginal Size Exclusion Columns (Izon). For EV tracking experiments, EV membranes were labeled with a PKH26 kit (Sigma-Aldrich), and EV surface proteins were labeled with the Alexa Fluor 647 Protein Labeling Kit (Invitrogen) according to the manufacturer's protocols and purified from unbound dye using a qEVoriginal Size Exclusion Column. Nanosight analysis of EVs EV density and size distribution were assessed by nanoparticle tracking analysis (NanoSight; Malvern Instruments). 1 µl of isolated EVs was diluted in 1 ml of PBS to achieve a uniform particle distribution that was analyzed in three to five sequential measurements at 25°C.
Western blot analysis 20 µg of EVs or cell lysates was mixed with Laemmli SDS sample buffer (Alfa Aesar), incubated 10 min at 95°C, and cooled to 4°C.
Electrophoresis was performed on Mini-PROTEAN TGX Gels (Bio-Rad). Proteins were transferred to a polyvinylide difluoride membrane (Bio-Rad) preactivated in 100% methanol. Blocking was performed overnight at 4°C in 5% Tris-buffered saline (TBS) milk, primary in 1-5% TBS milk, 1 h at room temperature (RT; shaking), and secondary (HRP-conjugated) in 1-5% TBS milk, 1 h at RT (shaking). The following antibodies were used: anti-CD9 (1:500; C9993; Sigma-Aldrich), anti-CD63 (1:200; SC-15363; Santa Cruz Biotechnology), anti-CD81 (1:1,000; SAB 3500454; Sigma-Aldrich), and TSG101 (1:1,000; T5701; Sigma-Aldrich).
Transmission electron microscope (TEM) analysis of EVs
Negative stain was performed in the following way: 5 µl sample solution was adsorbed to a glow-discharged carbon-coated copper grid (Canemco & Marivac) , washed with deionized water, and stained with 5 µl 2% uranyl acetate. The samples were imaged at RT using a Tecnai Spirit electron microscope equipped with an LaB6 filament and operated at an acceleration voltage of 80 kV. Images were taken at a magnification from 30,000× to 50,000× and recorded with an Eagle 4,098 × 4,098 pixel camera (FEI).
Liquid chromatography-tandem mass spectrometry (LC-MS/ MS) analysis
To facilitate the identification of the low abundance proteins, both lymphatic exudate and plasma were IgG-and albumindepleted with Aurum Serum Spin Colums (Bio-Rad) as previously described . EV fractions were analyzed without prior depletion. 4 µg of total protein was subjected to an "in solution" tryptic digest. 2 µg of each trypsinized sample was used for the nanoLC-MS/MS analysis on an Orbitrap Elite mass spectrometer. Prior to the injection into the mass spectrometer, peptides were desalted on C18 stageTips (Rappsilber et al., 2007) , dried down by vacuum centrifugation, and separated by reversed phase chromatography on a Dionex Ultimate 3000 RSLCnano UPLC system connected in-line with an Orbitrap Elite (Thermo Fisher Scientific).
Protein identification
Raw files from each technical and biological replicate were filtered, de novo sequenced, and assigned with protein ID using Peaks 8.0 software (Bioinformatics Solutions) by searching against the human Swiss-Prot database (January 2017; 158,154 entries). The following search parameters were applied for labelfree quantitative (LFQ) analysis: trypsin restriction for enzyme and one allowed missed cleaved at one peptide end. The parent mass tolerance was set to 15 ppm using monoisotopic mass, and fragment ion mass tolerance was set to 0.1 daltons. Carbamidomethyl cysteine (+57.0215 on C) was specified in PEAKS 8.0 as a fixed modification. Methionine, lysine, proline, arginine, cysteine, and asparagine oxidations (+15.99 on CKMNPR), deamidation of asparagine and glutamine (NQ-0.98), and pyro-Glu from glutamine (Q-18.01 N-term) were set as variable modifications. Data were validated using the false discovery rate (FDR) method built in PEAKS 8.0, and protein identifications were accepted with a confidence score (−10lgP) >15 for peptides and (−10lgP) >15 for proteins; a minimum of one peptide per protein was allowed after data were filtered for <0.8% FDR for peptides and <1% FDR for proteins identifications (P < 0.05). An independent validation of the MS/MS-based peptides and protein identification was performed using Scaffold (version Scaffold_4.7.3, Proteome Software) . The Scaffold built-in option "MuDPIT" was used to combine multiple files from technical replicates of each sample. Peptide identifications were set at >95.0% probability by the Peptide Prophet algorithm with Scaffold delta-mass correction. Protein identifications were set at >90.0% probability and contained at least one identified peptide. Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony as described originally (Nesvizhskii et al., 2003) .
Label-free relative peptide quantification LFQ methods (spectral counting and precursor intensity) were used to analyze and contrast the proteomic profiles of lymph, plasma, and EVs from each melanoma patient. LFQ based on the precursor intensity was performed using the quantification algorithm supported by the PEAKS Q module (version 8.0; Bioinformatics Solutions) . MS/MS spectra were then extracted using the same software and used to search against the target-decoy database containing all SwissProt entries for Homo sapiens (January 2017; 158,154 entries) as described above. The Quantitative module (Q) of PEAKS 8.0 was used to perform the LFQ analysis using the precursor ion (MS1) quantification built-in algorithm. The relative protein abundance was displayed as heat maps including representative proteins of each protein group after normalization of the corresponding averaged areas (abundances) with respect to the total ion current. The un-clustered heat maps were generated using the CIMminer free software provided by the National Institutes of Health (https://discover.nci.nih.gov/cimminer/) using log2 transformed quantitative values of MS1. The positive values reflect fold increases (red color), and negative values reflect fold decreases (green color). Only proteins that passed a selected significance statistical threshold (ANOVA, P < 0.05 and FDR <1% for protein and peptide expression) and had been identified with at least threefold differential expression across all samples are shown in the representative heat maps. An additional LFQ analysis using the spectral counts intensity (MS/MS or MS2) was employed for the same set of lymph, plasma, and EVs samples using the normalized weighted spectrum count option provided in "perSPECtives" (version 2.0.6; Proteome Software). The corresponding ".mzIdentML" files generated in Scaffold (version 4.7.3) for each set of sample from LAN neg , LAN pos , and HCs were imported in "perSPECtives" where the threshold of one unique peptide/sample and the significance level of P < 0.05 were set up throughout the control of FDR with the standard Benjamini-Hochberg procedure.
Gene ontology, molecular, and cellular pathways enrichment analysis Networks, functional analyses, biochemical, and cellular pathways were generated using IPA (Ingenuity Systems) and the list of proteins extracted from LFQ analyses. Specifically, the experimentally determined protein ratios were used to calculate the experimental fold changes by rescaling their values using a log2 transformation, such that positive values reflected fold increases while the negative values reflected fold decreases. For network generation, datasets containing gene identifiers (gene symbols) for the LAN neg , LAN pos , and HCs were uploaded into the IPA application together with their rescaled log2 transformation of the protein's area ratios. For all quantitative IPA analysis, we used datasets identified to represent less than threefold differentially abundant expressed proteins across all analyzed samples. These molecules were overlaid onto a global molecular network contained in the Ingenuity Knowledge Base. The networks were then algorithmically generated based on their connectivity index using the built-in IPA algorithm. The probability of having a relationship between each IPA indexed biological function and the experimentally determined genes was calculated by a right-tailed Fisher's exact test. The level of significance was set to P < 0.05. Accordingly, the IPA analysis identified the molecular and cellular pathways from the IPA library of canonical pathways that were most significant to the dataset (−log (P value) > 2.0). For the quantitative analysis of the expression profiles, IPA assigned the z-score function to all eligible canonical and cellular pathways (where z < −2 represents significant down-regulation while z > 2.0 represents a significant up-regulation of the selected pathways). The specific melanoma-associated proteins were assigned to each proteome dataset using the cancer-related database reported in the Human Protein Atlas (http://www.proteinatlas.org/cancer) and are presented in Table S1 .
miRNA analysis 35 µl each of EV and non-EV fractions from lymphatic exudate and plasma were analyzed for their miRNA content with the FirePlex miRNA Assay from Biofluids (Abcam), which allows the detection of up to 68 miRNAs in customized panel using a low sample volume. Samples were shipped to Abcam and profiled (detailed protocol published in Royo et al., 2016) . Results were analyzed using the FirePlex Analysis Workbench that allowed geNorm normalization of the samples. Data were presented as log2 transformed after the addition of one pseudoread.
Cell lines B16-F10 melanoma cells (American Type Culture Collection) were maintained in high-glucose DMEM (10569044; Invitrogen) supplemented with 10% heat-inactivated FBS (A3840002; Invitrogen) and used for in vitro EV production in DMEM 2% heat-inactivated, exosome-depleted FBS (A2720801; Invitrogen). B16-F10 cells were transfected with a Vegfc lentivirus (B16-F10/ VEGF-C) and used to induce lymphangiogenic tumors in mice as described previously (Fankhauser et al., 2017) .
Mice and tumor inoculation K14-VEGFR3-Ig mice previously described (Mäkinen et al., 2001) were maintained on a C57Bl/6 background and crossbred with WT C57Bl/6 mice (The Jackson Laboratory). 10-16-wk-old K14-VEGFR3-Ig mice and WT littermates of both sexes were used. For tumor distribution experiments, 250,000 B16-F10/VEGF-C cells in 30 µl of PBS were inoculated intradermally into the mouse back flanks. Tumor growth was monitored daily with calipers. All experiments were performed with approval from the Veterinary Authority of the Institutional Animal Care and Use Committee at the University of Chicago under protocol no. 72530.
In vivo EV distribution
To assess drainage from healthy skin, 5-10 µg EVs in 10 µl was injected intradermally into each mouse hock (the lateral tarsal region just above the ankle). After 24 h, mice were sacrificed. Organs were homogenized in radioimmunoprecipitation assay buffer (Sigma-Aldrich) and centrifuged at 10,000 g for 10 min, and supernatant fluorescence was read by plate reader. To assess EV distribution from tumors, B16-F10 VEGF-C tumors were inoculated at day 0, 20-40 µg labeled EVs were injected intratumorally in 20 µl at day 11, and mice were sacrificed at day 12 (24 h after labeled EV injection). Tumors and dLNs were digested according to Broggi et al. (2014) and Fankhauser et al. (2017) , and cells were stained with CD31-APC (561814; BD Pharmingen), gp38-PE-Cy7 (127412; BioLegend), and CD45-APCCy7 (103116; BioLegend), and analyzed by flow cytometry using a BD LSRFortessa. LECs were defined as CD45 EV drainage in ear dermis and whole mount imaging 1 µl of labeled EVs was injected into mouse dorsal ear dermis. After 30 min, the mouse was sacrificed and perfused with Ringer's solution followed by zinc fixative (4.5 mM CaCl 2 , 52 mM ZnCl 2 , 32 mM Zn(CF 3 COO) 2 , 2 mM Tris, and 38 mM glycine, pH 6.5, 340 mOsm/liter). Whole mount staining of the ear was performed as described previously (Kilarski et al., 2013) . Ears were cut and fixed for 24 h in zinc fixative and 1% Triton X-100. The dorsal skin was separated from the rest of the ear, washed in TBS, and blocked for 1 h in TBS 0.5% casein. The dorsal skin was incubated with anti-VE-cadherin antibody (550548; BD Biosciences) and anti-podoplanin antibody (AF3244; R&D Systems) for 24 h, washed in TBS 0.1% Tween, and incubated with secondary antibodies for 24 h. After washing in TBS Tween 0.1%, the tissue was dehydrated with 70% ethanol and 100% ethanol and cleared and mounted on a glass slide in 2: 1 benzyl benzoate/benzyl alcohol solution. Fluorescence images were acquired with an Olympus IX2-DSU fluorescence microscope and a 63× lens. Image stacks were processed with ImageJ (National Institutes of Health).
Immunofluorescence imaging
Quantification of S100 in different regions of primary tumor and staining of formalin-fixed tumors and LNs was performed as described previously (Bordry et al., 2018) . Staining of human LECs monolayer after cocultures was done after 15 min of fixation in 2% paraformaldehyde, RT, and stained for CD31-FITC (Ancell; 180-040), S100 (Novacastra; NCL-L-S100p), and Prox-1 (AF2727; R&D Systems). The fluorescent secondary antibodies were provided by Molecular Probes (Invitrogen).
Analysis of TCGA data
TCGA level 3 gene expression data for skin cutaneous primary melanoma tumors and metastatic sites were downloaded from the Broad GDAC Firehose database (http://gdac.broadinstitute. org/) and analyzed as described in Fankhauser et al. (2017) . Volcano plots were generated using RStudio (Version 3.3.2).
Statistics
Unless otherwise specified, the following statistical analyses were performed: paired Student's t test was used to compare lymphatic exudate and plasma content within the same patient, unpaired t test to compare two groups, and one-way ANOVA followed by Tukey's multiple comparison test when more than two groups were compared. Non-parametric Spearman's t test was used for correlations. For each patient, data from two time points (day 1 and day 2) were averaged. Statistical significance is shown as *, P < 0.05; **, P < 0.01; ***, P < 0.001.
Online supplemental material Fig. S1 provides a schematic of how the lymphatic exudate samples were collected. Fig. S2 shows the enrichment of miRNAs metastatic melanoma-associated proteins in the lymphatic exudate. Fig. S3 shows the cellular and molecular networks and listed melanoma-associated proteins that are mostly up-or down-regulated in lymphatic exudate of LAN neg and LAN pos patients. Fig. S4 shows the gating strategy for flow cytometric analysis of immune cells in lymphatic exudate and plasma. 
